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(g) Method and apparatus for the production of a hot fluid stream for energy recovery. 

(57) Iron ore, coal and oxygen are fed to a reactor 
4 to produce iron and a fuel gas. The fuel gas 
leaves the reactor 4 at a temperature of at least 
200"C and is passed through a hot filtration 
apparatus 6. The resulting hot, filtered gas then 
passes through a heat exchanger 8. A heat 
exchange fluid, preferably a stream of nitrogen 
at above ambient pressure passes through the 
heat exchanger 8 countercunrently to the hot 
filtered as stream. The heat exchange fluid is 
thereby heated. The hot heat exchange fluid 
stream is then expanded with the perfomnance 
of external work in an expansion turbine 10, for 
example it may be used in the generation of 
electrical power. The hot, filtered, fuel gas may 
be sent for power recovery downstream of the 
heat exchanger 8 or may be separated into its 
constituent components. If the heat exchange 
fluid is nitrogen it may be separated from air in 
the same plant 2 that is used to feed the reactor 
4 with oxygen. 
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This invention relates to a method and apparatus 
for producing a hot fluid stream from which power can 
be recovered. 

It is known to generate power from a fuel gas by 
compressing the fuel gas, burning it in a combustion 
chamber employing compressed air to support com- 
bustion, and expanding the products of combustion in 
a turbine. The turbine is used to drive an alternator 
and hence generate electrical power known sources 
of suitable fuel gas include reactors in which the direct 
reduction of iron oxide to form iron and/or the gasifi- 
cation of coal are performed. In these examples, the 
fuel gas is produced at an elevated temperature and 
is laden with particulates. The fuel gas is scrubbed to 
remove the particulates and is cooled to ambient tem- 
perature. 

Frequently, the process producing the fuel gas re- 
quires a supply of commercially pure oxygen or oxy- 
gen-enriched air. The oxygen or oxygen-enriched air 
is frequently produced by a plant that operates on the 
same site as the reactor in which the fuel gas is pro- 
duced. Nitrogen is produced by the plant in addition 
to oxygen. 

There are a number of proposals in the art for re- 
covering work from the nitrogen. In some proposals, 
the nitrogen is compressed and then passed to the 
gas turbine in which the fuel gas combustion products 
are expanded. The nitrogen may be passed directly 
into the expansion turbine or into a region upstream 
thereof- By this means, most if not all of the energy re- 
quirements of the air separation can be met. Exam- 
ples of such methods are included in US patent spec- 
ifications Nos 2 520 862 and 3 771 495. 

It has also been proposed in our European patent 
application EP-A-402 045 to recover work from nitro- 
gen by heat exchanging it at elevated pressure with a 
hot gas stream and then expanding the resulting 
warmed nitrogen with the performance of external 
work. 

None of the prior processes discussed above pro- 
vides a means for making use of the elevated temper- 
ature of the fuel gas in the generation of power. 

According to the present invention there is provid- 
ed a method of producing a hot fluid stream from 
which power can be recovered comprising performing 
at elevated temperature a chemical reaction or reac- 
tions to form a fuel gas, filtering the fuel gas at a tem- 
perature of at least 200°C to remove particulates 
therefrom, and heat exchanging the hot filtered gas 
with a stream of heat exchange fluid so as to raise the 
temperature of said stream of heat exchange fluid and 
thereby provide it as the hot fluid stream. 

The invention also provides apparatus for produc- 
ing a hot fluid stream firom which power can be recov- 
ered, comprising a reactor for forming a fuel gas at 
elevated temperature, hot gas filtration means which 
is able to remove particulates from the hot gas and 
which communicates with said reactor, and a heat ex- 



changer for heat exchanging the filtered hot gas with 
a stream of heat exchange flu id so as to raise the tem- 
perature of said stream of heat exchanger fluid and 
thereby enable it to be provided as the hot fluid 
5 stream. 

The heat exchange fluid preferably comprises 
compressed gas. The resulting hot compressed gas 
stream is preferably expanded in a first expansion tur- 
bine without being mixed with any other gaseous 
10 stream to enable power to be generated. It is particu- 
lariy preferred that the gaseous heat exchange 
stream be formed of nitrogen when the reaction or re- 
actions by which the fuel gas is formed employ pure 
oxygen or oxygen-enriched air. In such examples of 
15 the method according to the invention, both the oxy- 
gen and nitrogen can be produced by separation of an 
air stream. The air stream is preferably separated by 
being rectified. The rectification of the air is preferably 
performed in a double column comprising a lower 
20 pressure stage and a higher pressure stage. There is 
preferably a condenser-reboiler associated with the 
two said stages of the double column so as to provide 
reboil for the lower pressure stage and reflux for both 
stages. The lower pressure stage preferably has an 
25 operating pressure (at its top) in the range of 3 to 6 at- 
mospheres absolute. Provided there is a demand for 
oxygen at a pressure of at least 3 atmospheres and 
no demand for argon, operation of the lower pressure 
column in this range makes possible more efficient 
30 separation of the air than that possible at the more 
conventional operating pressures in the range of 1 to 
2 atmospheres absolute. Moreover, depending on the 
temperature of the filtered hot fuel gas stream, it is typ- 
ically desirable not to compress the nitrogen stream 
35 upstream of its heat exchange therewith. Generally, if 
the temperature of the filtered hot gas is below 450°C, 
the lower pressure stage of the double rectification 
column may be operated at a pressure of up to 6 at- 
mospheres absolute such that no further compression 
40 of the nitrogen upstream of its heat exchange with the 
filtered hot gas is desirable. At higher temperatures of 
the filtered gas stream, it becomes desirable to use a 
higher pressure nitrogen stream; in such examples 
compression of the stream intermediate the low pres- 
45 sure rectification column and the heat exchanger is 
preferably performed. 

Suitable hot gas filtration means for use in the 
method and apparatus according to the invention are 
described in, for example, US-A-4 885 014, WO-A- 
50 87/07181 and a paper entitled "High Performance 
Dust Removal firom Process-and Flue-gases, be- 
tween Ambient Temperature and lOOO^^C, by Means 
of Asymmetric Porous Ceramics", M Durst, M Mueller, 
H Vollmer, Staub-Reinhalting der Luft, 48 (1988), pp 
55 197-202. The filters described therein are capable of 
operating at temperatures up to 1,000**C. 

The fuel gas may, for example, be produced by a 
process for the reduction of iron ore which employs 
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coal as a source of reducing gas. Examples of such 
processes are described in a paper entitled "Coal- 
based iron-making", R B Smith and M J Corbett, Iron- 
making and Steelmaking (1987) 14, pp 49-56. The kR 
process referred to therein at p 53 is now known as 5 
the COREX process. It typically produces a fuel gas 
at a temperature in the range of 250 to 300°C. 

Downstream of its heat exchange with the heat 
exchange fluid, the fuel gas may be employed for gen- 
eral heating purposes; may be subjected to separa- io 
tion in order to increase its calorific value or to obtain 
pure gases therefrom (for example hydrogen and/or 
carbon monoxide); or may be subjected to combus- 
tion for the purposes of producing a gas stream from 
which work can be recovered by expansion in a sec- is 
ond turbine. The second turbine may be coupled to a 
compressor, or may be used to drive an alternator so 
as to generate electrical power. Intermediate the heat 
exchanger and a combustion chamber in which it is 
burnt, the fuel gas may be compressed to a pressure 20 
compatible with the operating pressure of the second 
turbine. In such arrangements, the combustion cham- 
ber preferably communicates with an air compressor 
which provides the stoichiometric requirement of air 
for the combustion of the fuel gas. If desired, a part of 25 
the compressed air from such compressor may be di- 
verted from the combustion chamber to provide the air 
which is separated to produce oxygen and nitrogen 
for use in preferred examples of the method according 
to the invention. It is further preferred in such exam- 30 
pies that a stream of nitrogen separated from the air 
be introduced into the turbine for expanding the com- 
bustion gases so as to compensate for the air diverted 
from the compressor that feeds the combustion cham- 
ber associated with such turbines. If desired, a stream 35 
of combustion products leaving the second turbine 
may be heat exchanged with the stream of nitrogen 
passing to the second turbine so as to pre- heat said 
stream of nitrogen. 

It is not essential In the method and apparatus ac- 40 
cording to the Invention to employ nitrogen as the heat 
exchange fluid. If desired, steam may be so em- 
ployed- It is also possible to use the products of com- 
bustion of the fuel gas downstream of its heat ex- 
change with the heat exchange fluid as a source of hot 45 
gas for raising steam, and then to expand this steam 
in a turbine which drives an alternator so as to enable 
electrical power to be generated thereby. A further al- 
ternative of an example of the method and apparatus 
according to the Invention is to employ a heat ex- 50 
change oil as the heat exchange fluid. The resulting 
hot heat exchange oil may then be heat exchanged 
with a gas such as nitrogen or with steam and the re- 
sulting hot nitrogen or superheated steam expanded 
in a turbine with the generation with electrical power. 55 

The method and apparatus according to the in- 
vention are advantageous particularly in that they 
make possible the generation of a considerably great- 



er amount of electrical power than can be obtained 
from a comparable method and apparatus in which 
the fuel gas is cooled to ambient temperature before 
filtration. Moreover, in examples of the method and 
apparatus according to the invention in which the re- 
action or reactions that generate the fuel gas employ 
oxygen, at least some and typically all the power re- 
quirements of the air separation plant may be met by 
recovery of energy from the hot filtered fuel gas. 

The method and apparatus will now be described 
by way of example with reference to the accompany- 
ing drawings, in which: 

Figure 1 is a schematic flow diagram illustrating 
a first plant for generating power from a fuel gas; 
Figure 2 is a schematic flow diagram of a second 
plant which includes means for generating elec- 
trical power from a fuel gas, the fuel gas being 
produced by a reactor that firstly reduces iron ox- 
ide to iron by reaction with coal and secondly ga- 
sifies the coal to produce the fuel gas; and 
Figure 3 is a schematic flow diagram of an air sep- 
aration plant for use in the plant shown in Figures 
1 and 2. 

The drawings are not to scale. 
Referring to Figure 1 of the drawings, there is 
shown an air separation plant 2 which provides the 
stream of oxygen (typically containing up to 5% by vol- 
ume of gaseous impurities) to a reactor 4 in which iron 
ore and coal are reacted to produce iron and a fuel 
gas. The fuel gas leaves the reactor 4 typically at a 
temperature of up to 500**C and is then passed 
through hot filtration apparatus 6 which is preferably 
of the kind described hereinabove. The filtration appa- 
ratus 6 is effective to remove substantially all solid 
particles firom the fuel gas. The hot fuel gas is then 
passed into a heat exchanger 8 through which it flows 
countercunrently to a heat exchange fluid which is pre- 
ferably nitrogen (but may, for example, alternatively 
be steam). The heat exchange fluid is thereby heated 
typically from ambient temperature to a temperature 
up to 50*=*C less than the temperature at which the hot 
gas enters the heat exchanger 8. The heat exchange 
fluid then passes into an expansion turbine (typically 
at a pressure in the range of 4 to 10 atmospheres ab- 
solute). The turbine 1 0 drives an alternator 1 2 forming 
part of a power station 14 and thereby enables elec- 
tricity to be generated. 

The fuel gas that leaves the heat exchanger 8 
may be separated to produce pure gaseous products 
or may itself be used to generate further electrical 
power. The power thus generated may be used to 
meet all the requirements for electrical power of the air 
separation plant 2. 

Referring now to Figure 2 of the drawings, there 
is shown a specific example of the kind of plant gen- 
erally illustrated in Figure 1. Referring to Figure 2, a 
reactor 20 for the direct reduction of iron oxide and for 
the production of a fuel gas comprises a gasifier 22 
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and a vertical shaft reduction furnace 24. Measured 
quantities of lump, pelletised or sinter iron oxide ore, 
lime and dolomite are charged directly into the top of 
the furnace 24. Simultaneously, a reduction gas com- 
prising carbon monoxide and hydrogen is blown into 
the shaft furnace 24 at an intermediate region thereof. 
The reduction gas moves upwards against a de- 
scending flow of ore to the top where it is drawn off via 
a conduit 26. While descending through the hot gas, 
lime and dolomite are calcined and the ore is reduced 
to sponge Iron. Screw conveyers (not shown) are em- 
ployed to extract the sponge iron from the bottom of 
the shaft furnace 24 at a desired rate and the extract- 
ed sponge iron is allowed to fall under gravity directly 
into the gasifier 22. The gasifier 22 is of a kind having 
a hearth (not shown) at its bottom a fluidised bed into 
which coal is fed, and an uppermost free board zone. 
Oxygen is blown through tuyeres (not shown) into the 
fluidised bed region of the gasifier 22, and the coal is 
thereby gasified. The resulting gas is withdrawn 
through a conduit 28, is passed through a cyclone 30 
and is then divided. Part of the flow provides the gas 
for the furnace 24 while the remainder is returned to 
the gasifier 22. Sponge iron falling under gravity into 
the fluidised bed region of the gasifier 22 is melted. 
Liquid iron and slag, comprising coal ash, lime and do- 
lomite, drop into the hearth and separate naturally into 
two layers owing to the difference in density between 
the heavier iron and the lighter slag. Liquid iron can 
thus be withdrawn from the bottom of the gasifier 22. 

Operation of such reduction furnaces-cum-gasifi- 
ers are well known in the art and the above description 
is merely a brief summary of the way in which they op- 
erate. One example of process for operating such 
plant Is the COREX process. 

The oxygen for the reactor 20 is provided by tak- 
ing an air stream and compressing it in a compressor 
32. A minor portion of the compressed air stream is 
then passed into a cryogenic air separation plant 34 
in which the air is separated into oxygen and nitrogen 
by rectification. An oxygen stream is withdrawn from 
the plant 34 is compressed in a compressor 36 to the 
operating pressure of the gasifier and is then passed 
into the gasifier 22 to provide its oxygen requirements. 

The fuel gas passing out of the top of the furnace 
24 typically has the following composition: carbon 
monoxide 40 to 43% by volume; carbon dioxide 34 to 
37% by volume; hydrogen 17 to 18% by volume; water 
vapour 1 .5% by volume; methane 0.5% by volume; ni- 
trogen 3 to 4% by volume and a calorific value In the 
range of 7.5 to 8 M J/Nm3. (1 Nm^ of gas is the quantity 
of gas that occupies 1 cubic metre at 0°C and 1 atmos- 
phere absolute). The fuel gas typically leaves the top 
of the furnace 24 at a temperature in the range of 250 
to 300^C. It Is filtered at this temperature by hot filtra- 
tion means 38 which may be of the kind previously de- 
scribed herein. The resulting hot, filtered, fuel gas 
stream is then passed through a heat exchanger 40 



in countercurrent heat exchange to a stream of nitro- 
gen taken via conduit 42 from the air separation plant 
34. The nitrogen is typically produced at a pressure in 
the range of 2 to 6 atmospheres absolute by the plant 
5 34, The stream of nitrogen passing through the heat 
exchanger 40 is warmed to a temperature typically in 
the order of 250''C and is then expanded in an expan- 
sion turbine 44 without being mixed with any other 
gas. The turbine 44 is employed to drive an attemator 
10 46 forming part of a power station 48. The gas leaving 
the expansion turbine 44 is typically vented to the at- 
mosphere via a stack (not shown). Accordingly, elec- 
tricity is able to be generated from the heat contained 
in the fuel gas leaving the reducing furnace 24. 
15 Further power is generated by combustion of the 

fuel gas stream leaving the heat exchanger 40 after 
its heat exchange with the nitrogen stream. To this 
purpose, the fuel gas is compressed in a compressor 
50 to the same pressure as that to which the air is 
20 compressed In the compressor 32. The resulting com- 
pressed fuel gas is then passed into a combustion 
chamber 52 associated with a turbine 54. Combustion 
of the fuel in the chamber 52 is supported by the major 
portion of the stream of compressed air produced by 
25 the compressor 32. Typically, the compressor 32, the 
combustion chamber 52 and the expansion turbine 54 
form a single piece of plant with the turbine 32 and the 
compressor 54 each having rotors (not shown) 
mounted on the same shaft, whereby the expansion 
30 turbine 54 is effective to drive the compressor 32. The 
compressor 32 is typically of a size that enables a 
chosen rate of combustion of fuel gas to be achieved 
in the chamber 52 and hence hot combustion prod- 
ucts to be provided to the turbine 54 at a chosen rate. 
35 It is desirable to compensate for the shortfall in the 
production of combustion products in the chamber 52 
resulting from the by-passing of a minor portion of a 
compressed air from the compressor 32 to the air sep- 
aration plant 34, and thus ensure that the turbine 54 
40 is able to operate efficiently. This compensation is 
performed by taking a stream of nitrogen from the air 
separation plant 34 and compressing it in a compres- 
sor 56 to approximately the operating pressure of the 
chamber 52. The resulting stream of compressed ni- 
45 trogen is then mixed with the combustion products 
produced in the chamber 52. and the resulting mixed 
gas stream expanded in the turbine 54. The turbine 54 
as well as providing drive for the compressor 32 also 
drives an alternator 58 forming part of the power sta- 
50 tion 48. 

If desired, a stream of combustion products exit- 
ing the turbine 54 may be employed to pre-heat the 
compressed nitrogen upstream of its being mixed with 
the combustion products produced in the chamber 52. 
55 The pre-heating may be effected by countercurrent 
heat exchange in a heat exchanger 60. If necessary, 
an additional heat exchanger stream may be em- 
ployed in the heat exchanger 60 to heat the nitrogen 
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to a desired temperature. The waste gases from the 
turbine 54 are typically vented to the atmosphere via 
a stack (not shown). 

Referring now to Figure 3, there is shown an air 
separation u nit which may be used as part of the plant 5 
shown in Figure 1 or Figure 2 of the accompanying 
drawings. A compressed air stream is passed through 
a purification apparatus 70 effective to remove water 
vapour and carbon dioxide from the compressed air. 
The apparatus 70 is of a kind which employs beds of io 
adsorbent to adsorb water vapour and carbon dioxide 
from the incoming air. The beds may be operated out 
of sequence with one another such that while one or 
more beds are being used to purify air. then the others 
are being regenerated, typically by means of a stream is 
of nitrogen. The purified air stream is divided into ma- 
jor and minor streams. 

The major stream passes through a heat ex- 
changer 72 in which its temperature is reduced to a 
level suitable for the separation of air by rectification. 20 
Typically, therefore, the major air stream is cooled to 
its saturation temperature at the prevailing pressure. 
The major air stream is then introduced from the heat 
exchanger 72 through an inlet 74 into a higher pres- 
sure stage 78 of a double rectification column 76 hav- 2S 
ing in addition to the stage 78, a lower pressure stage 
80. Both rectification stages 78 and 80 contain liquid- 
vapour contact trays (not shown) and associated 
downcomers (not shown) (or other means for effect- 
ing intimate contact between the descending liquid 30 
phase and an ascending vapour phase) whereby a 
descending liquid phase is brought into intimate con- 
tact with an ascending vapour phase such that mass 
transfer occurs between the two phases. The de- 
scending liquid phase becomes progressively richer 35 
in oxygen and the ascending vapour phase progres- 
sively richer in nitrogen. The higher pressure rectifica- 
tion stage 78 operates at a pressure similar to that to 
which the incoming air is compressed and separates 
the air into an oxygen-enriched air fraction and a ni- 40 
trogen fraction. The lower pressure stage 80 is prefer- 
ably operated so as to give a substantially pure nitro- 
gen fraction at its top but an oxygen fraction as its bot- 
tom which still contains an appreciable proportion of 
impurities (primarily argon and nitrogen) (say, up to 45 
5% by volume). The stages 78 and 80 are linked by a 
condenser-reboiler 82. The condenser-re boiler 82 re- 
ceives nitrogen vapour from the top of the higher pres- 
sure stage 78 and condenses it by heat exchange with 
boiling liquid oxygen in the stage 80. The resulting 50 
condensate is returned to the higher pressure stage 
78. Part of the condensate provides reflux for the 
stage 78, while the remainder is collected, sub-cooled 
in a heat exchanger 84 and passed into the top of a 
lower pressure stage 80 through an expansion valve 55 
86 and thereby provides reflux for the stage 80. The 
lower pressure rectification stage 80 operates at a 
pressure lower than that of the stage 78 and receives 



oxygen-nitrogen mixture for separation from two 
sources. The first source Is the minor air stream 
formed by dividing the stream of air leaving the puri- 
fication apparatus 70. Upstream of its introduction into 
the stage 80, the minor air stream is compressed in a 
compressor 88 having an aftercooler (not shown) as- 
sociated therewith, is then cooled to a temperature of 
about 200k in the heat exchanger 72, is withdrawn 
from the heat exchanger 72, and is expanded in an ex- 
pansion turbine 90 to the operating pressure of the 
stage 80, thereby providing refrigeration for the proc- 
ess. This air stream is then introduced into the lower 
pressure stage 80 through an inlet 92. If desired, the 
expansion turbine 90 may be employed to drive the 
compressor 88, alternatively the two machines, 
namely the compressor 88 and the turbine 90 may be 
independent of one another. If desired, the compres- 
sor 88 may be omitted, and the turbine 90 used to 
drive an electrical power generator (not shown). 

The second source of oxygen -nitrogen mixture 
separation the lower pressure rectification stage 80 is 
a liquid stream of oxygen-enriched fraction taken from 
the bottom of the higher pressure stage 78. This 
stream is withdrawn through an outlet 94, is sub-coo- 
led in a heat exchanger 96 and is then passed through 
a Joule Thomson valve 98 and flows into the stage 80 
at intermediate level thereof. 

The apparatus shown In Figure 3 of the drawings 
produces a product oxygen stream and a product ni- 
trogen stream. The product oxygen stream is with- 
drawn as vapour from the bottom of the lower pres- 
sure stage 80 through an outlet 100. This stream is 
then warmed to approximately ambient temperature 
in the heat exchanger 72 by countercunrent heat ex- 
change with incoming air. A nitrogen product stream 
is taken directly from the top of the lower pressure rec- 
tification stage 80 through an outlet 102. This nitrogen 
stream flows through the heat exchanger 84 counter- 
currently to the liquid nitrogen stream withdrawn from 
the higher pressure stage 78 and effects the sub-cool- 
ing of the stream. The nitrogen product stream then 
flows through the heat exchanger 96 countercunrently 
to the liquid stream of oxygen-enriched fraction and 
effects the sub-cooling of this liquid stream. The nitro- 
gen stream flows next through the heat exchanger 72 
countercunrently to the major air stream and is thus 
warmed to approximately ambient temperature. 

Claims 

1- A method of producing a hot fluid stream from 
which power can be recovered comprising per- 
forming at elevated temperature a chemical reac- 
tion or reactions to form a fuel gas, filtering the 
fuel gas at a temperature of at least 200*0 to re- 
move particulates therefrom, and heat exchang- 
ing the hot filtered gas with a stream of heat ex- 
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change fluid so as to raise the temperature of said 
stream of heat exchange fluid and thereby pro- 
vide it as the hot fluid stream. 

2. A method as claimed in claim 1 , in which the fuel 5 
gas is formed by a reaction or reactions in which 
pure oxygen or oxygen-enriched air is employed. 

3. A method as claimed in claim 2, in which the heat 
exchange fluid comprises compressed gas. io 

4. A method as claimed in claim 3, in which the hot 
fluid stream is expanded in a first expansion tur- 
bine without being mixed with any other gaseous 
stream, whereby to enable power to be generat- is 
ed. 

5. A method as claimed in any one of claims 2 to 4, 
in which the heat exchange fluid comprises gas- 
eous nitrogen. 

6. A method as claimed in claim 5, in which the ni- 
trogen and the said oxygen or oxygen-enriched 
air are both produced by separation of an air 
stream. 25 

7. A method as claimed in claim 5 or claim 6, in 
which downstream of its heat exchange with the 
heat exchange fluid, the fuel gas is subjected to 
combustion to produce a gas stream from which 30 
work is recovered by expansion in a second ex- 
pansion turbine. 

8. A method as claimed in claim 7, in which nitrogen 

is mixed with the products of combustion of the 35 
fuel gas, and a stream of combustion products 
leaving the second turbine is heat exchanged 
with the stream of nitrogen that is mixed with the 
combustion products so as to preheat said stream 
of nitrogen. 

9. Apparatus for producing a hot fluid stream from 
which power can be recovered, comprising a re- 
actor for fomning a fuel gas at elevated tempera- 
ture, hot gas filtration means which is able to re- 45 
move particulates from the hot gas and which 
communicates with said reactor, and a heat ex- 
changer for heat exchanging the filtered hot gas 

of a stream of heat exchange fluids so as to raise 
the temperature of said stream of heat exchange so 
fluid and thereby enable it to be provided as the 
hot fluid stream. 
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